Abstract. Peculiar atmospheric radar echoes from the high-latitude summer mesosphere have spurred much research in recent years. The radar data (taken on frequency bands ranging from 2 to 1290 MHz) have been supplemented by measurements from an increasing arsenal of in situ (rocket borne) and remote sensing (satellites and lidars) instruments. Theories to explain these polar mesosphere summer echoes (PMSEs) have also proliferated. Although each theory is distinct and fundamentally different, they all share the feature of being dependent on the existence of electrically charged aerosols. It is therefore natural to assume that PMSEs are intimately linked to the other fascinating phenomenon of the cold summer mesopause, noctilucent clouds (NLCs), which are simply ice aerosols that are large enough to be seen by the naked eye. In this paper we critically examine both the data collected and the theories proposed, with a special focus on the relationship between PMSEs and NLCs.
Introduction
The Earth's atmosphere is characterized by many fantastic phenomena that can be seen with the naked eye. We observe a variety of clouds in the troposphere, the stratosphere, and the mesosphere. Deep convective storms produce spectacular lightning displays. At night we see meteoroids burning during their impact into the lower thermosphere and upper mesosphere. In the polar ionosphere, beautiful aurora result from atoms excited by precipitating magnetospheric particles. All PMSEs should also occur in the Antarctic. However, it appears that there is a hemispheric difference in the occurrence of PMSEs, since they are almost absent (reported to be at least 30 dB weaker during the first 2 years of observations) at 62øS over King George Island, Antarctica, which may be an indication of a warmer summer mesopause in the southern hemisphere [Balsley et al., 1993 [Balsley et al., , 1995 . Olivero and Thomas [1986] noticed that southern hemisphere PMCs were dimmer than northern hemisphere PMCs, which could be explained by either less water vapor or warmer temperaLures in the south. If the water vapor is assumed to be the same, then the southern summer mesopause must CHO AND ROTTGER: PMSE. NLC, AND SUBVISII3IA• AER()S()I.S be 3 to 4 K warmer than the northern one [Thomas, 1995] . The satellite data of Barnett and Corney [1985] support this temperature difference. Thus the hemispheric asymmetry in mesospheric clouds and temperature observed by satellites is consistent with the P MSE observations and the idea that they are critically dependent on low temperatures and ice particles. [RSttger, 1993 [RSttger, , 1994b and could be the source of ice particle layers [Reid, 1995] that, in turn, create the multilayered structure of PMSEs.
We have no doubt that turbulence affects many of the PMSE observations. However, the predominantly narrow Doppler spectra (Figure 4 ice aerosols and extremely large cluster ions) that lower the electron diffusivity. Low temperatures are required for the growth of such particles and thus also PMSEs. However, reduced diffusion alone is not the whole story; there must be a fluctuation production mechanism, of which turbulence is one, but definitely not the only one. The next section covers this topic in more detail.
Theories for VHF PMSEs
Before the discovery of P MSEs, VHF radar scatter in the mesosphere was thought to result from only three mechanisms: short-lived echoes from meteors, weak incoherent scatter from the D-region plasma, and electron density fluctuations directly produced by neutral gas turbulence. The peculiar nature of PMSEs soon convinced researchers that another mesospheric radar scattering phenomenon had to be added to this list.
Note that we only discuss the theories of VHF PMSEs in this paper. Dressed aerosol scatter, which is the only viable but still problematic explanation advanced for UHF PMSEs, is presented, discussed, and critiqued Note that in this paper we prefer to use the general term "scatter" to describe the mechanism causing the P MSEs, since we do not know much about the arrangements and individual cross sections of single- 
Electron Density Fluctuation Production Versus Diffusion
The most obvious characteristic of VHF PMSEs that must be explained by any theory is the tremendously large echo power. To this end, it is useful to think of the problem in the following way. The radar waves are scattered by inhomogeneities in the electron density. Any fluctuation in the electron density is constantly being smoothed out by diffusion. Thus for radar scatter to take place, the balance between density inhomogeneity generation and diffusion must be in favor of generation. A larger-than-normal radar scatter cross section must then be due to an increase in generation, a decrease in diffusion, or both. There are four key conditions that must be met for this mechanism to work: the charged aerosols must dominate the overall plasma charge balance, the change in plasma density at the vortex wall must occur well within the radar Bragg scale (a half wavelength for monostatic radars), the plasma diffusion timescale must be much greater than the vortex turnover time, and the vortices must, of course, first exist in the neutral gas.
(There is no experimental or theoretical proof yet for such vortices.) To meet the first three requirements, the upshot is that the aerosols must have a narrow size distribution with a fairly large mean size, and the vortices must be at scales that are small but are still possible in the neutral gas, say, of the order of a few tens of meters. More specifically, for VHF P MSEs the aerosols should have a mean radius ,,• 0.1 ym, a number density of ,,• 10 cm -a, and a charge number of ,,• 100.
Opalescence. This mechanism is a plasma instability somewhat reminiscent of the Farley-Buneman (two stream)instability [Farley, 1963; Buneman, 1963] that occurs in the electrojet region of the ionosphere. The counterstreaming components in the case of opalescence are ions and electrons versus charged aerosols, where gravity pulls down the heavy aerosols, while the lighter ions and electrons are advected upward by a neutral gas updraft. Because the aerosols are charged, electric fields provide the restoring force. A related idea was proposed by RSttger and La Hoz [1990] where the fall-speed differential leads to charge separation (a la thunderstorms) that produces a horizontal layering of the plasma that scatters radar waves.
The two key conditions for opalescence are that the aerosol-ion velocity difference must overcome the plasma diffusion and there must be enough chargeper-mass (apparently of the order of 5 C kg -1) on the aerosols to create significant electric fields. Consequently, one needs a strong, sustained updraft and heavy aerosols with high charge numbers. For VHF P MSEs the updraft must be • 2 m s-1, the aerosol ra- The other critical parameter is the aerosol charge. A pure ice particle, with a high photoelectric work function, would not be affected significantly by the solar energy impinging on it in the continuous daylight of the polar summer. Therefore the charge on an ice aerosol depends on the balance of ion and electron current to its surface. Jensen and Thomas [1991] calculated a charge number of-1 for radius less than 10 nm, and a linearly increasing charge with size so that a particle with radius 0.1 ttm would carry a charge of-4. On the other hand, if the ice is not pure but contaminated by metallic species (e.g., from meteoric dust), then the photoelectric component could become significant and the aerosol may become positively charged. Without further evidence, the negatively charged scenario is the more conservative assumption.
We have seen that domination of the overall plasma charge balance by the aerosols is an important key for reducing the diffusivity and thus for all the proposed theories. Because the aerosols are constrained to only a few units of charge even for the largest ones according to the pure-ice assumption, charge balance dominance favors a large number of small aerosols rather than the converse; the electron-scavenging theory of bite-out formation also favors a large number of small particles [Reid, 1990] showed that the seasonal curve of low summer temperatures is displaced from the PMSE occurrence curve by somewhat more than a week; they attributed this difference to the water vapor content peaking later than the temperature minimum.
However, because we do not have the capability of continuously measuring temperature profiles, others have used dynamics as a long-term proxy for temperature variations. The basic idea, assuming that temperature variations are strictly due to adiabatic expansion and compression, is that an oscillation in the vertical displacement will lag vertical velocity by 900 , which will be in phase with negative excursions in the temperature, so low temperature will lag upward velocity by 90 ø. Then, because ice growth takes a certain amount of time (about a few hours for 10-nm particles [Turco et al., 1982] ), the maximum density of subvisible particles will lag low temperature by 0 ø for longer cycle times to 900 for shorter cycle times. Note that the hydration of cluster ions proceeds more quickly, so their growth will follow the low temperature phase with little lag [Hall, 1990 ]. The conclusion is that PMSE power [1994] used rocket-borne probes to simultaneously measure neutral gas and electron density fluctuations within a PMSE layer. They were also able to confirm, by using a turbulence model, that the electron diffusivity in the PMSE layer was reduced. Electric field measurements can also give us more information about charged aerosols. A comparison of data from a rocket-borne photometer and a double probe showed an abrupt electric field perturbation and irregularities inside an NLC [Goldberg, 1989] . Zadorozhny e! al.
[1993] used a rocket-borne field mill and recorded anomalously large values of the vertical electric field encompassing a region of PMSEs and NLCs. While the interpretation of field mill data as true electric fields in the presence of aerosols is controversial, the disturbance detected was an indication of strong electrical activity within a PMSE layer that was likely produced by charged aerosols. There are two other mesopausal phenomena that are linked to these charged aerosols. First is the electron density bite-out/depletion that has been observed in conjunction with PMSEs. Here, theory has also provided the causal connection: assuming a composition of pure ice, the most likely mechanism for creating a biteout is electron scavenging by a large number of small (-,, 10 nm) aerosols. Because the reduced diffusion theory also favors the same type of particles (arising from the requirement of overall plasma charge balance dominance by the aerosols), it makes sense that PMSEs occur in the same region as the electron depletions.
Evidence for Neutral Dynamics Producing
The second aerosol phenomenon is, of course, the NLC. Because the creation of particles forming these clouds are also dependent on low temperature and because the P MSE theories rely on the presence of aerosols, it is natural to surmise that NLCs and PMSEs Assuming that the initiation of PMSEs is not overtly dependent on short-period waves and turbulence, they can be used effectively as passive tracers for the structure and dynamics of the mesopause region, much as NLCs have been used in this regard for many years. They provide us with information (high temporal and altitude resolution, near-continuous time coverage) that NLCs have not been able to provide. However, because P MSEs are strongly dependent on the temperature, which in turn is modulated by dynamics and sometimes even directly dependent on turbulence, they are not pure tracers but neither are NLCs. Perhaps it is one aspect of such a dependence on the state of the medium that PMSE-derived mean vertical velocity appears to be unusually biased in the downward direction, although we have some reservations regarding these results. Average vertical velocity is difficult to measure, in general, and by radar under any circumstance, but PMSEs pose a special problem since its scattering mechanism is still under investigation. The various ideas put forth to explain the downward bias are still on trial and it will take very careful measurements with well-calibrated, highly sensitive, fine-resolution radars, and very careful analysis procedures to sort out the problem. Other remote sensing instruments such as lidars and satellites have been developed to the point of becoming useful allies in measuring cloud particles with better and better spatial and temporal resolution. They should be used whenever possible to complement the radar observations. New techniques such as artificial periodic inhomogeneity (API) [Terina, 1996] In situ measurements are absolutely necessary, combined with ground-based radar and lidar observations. In this regard there are three things we would like stress.
First, none of the rocket/radar experiments so far have been truly collocated. Given the often patchy nature of PMSEs over scales of several tens of meters to some kilometers, we must make the in situ measurement inside the radar volume, which has to be as small as possible; otherwise, we cannot draw firm conclusions from the experiment. Second, new types of probes must be developed to measure the size distribution and charge state of subvisible aerosols. These are the particles that the reduced diffusion theory says are most crucial for PMSEs, and we have not had the capability of measuring their various properties. Third, temperature measurements should always be made with as fine a resolution as possible. The passive falling sphere technique smooths out multiple local minima that are very important to the layering of PMSEs and NLCs and is not highly accurate in the mesopause region and above. We recommend the accelerometer method [Philbrick et al., 1984] , which has proven capable of detecting finer scale temperature features and is reliable to greater heights.
Laboratory studies of mesopausal ions and aerosols have been sorely lacking. We suggest that those laboratory researchers investigating polar stratospheric clouds ponder extending their capabilities to lower pressure and temperature regimes to simulate the summer mesopause environment. We realize it would be extremely difficult to reproduce the right plasma and chemical conditions, but limited experiments such as growing ice on different kinds of nucleation cores and determining their charging characteristics may be possible.
Finally, the various fluctuation generation theories can be further tested even in the absence of new experimental data. For example, the different mechanisms can be simulated on computer, then a "probe" can be "flown" through them for comparison with rocketderived plasma fluctuation spectra and calculation of radar cross section as a function of frequency, including temporal and spatial variations. But ultimately, of course, what we need are real measurements to test the theories and any simulations, something that we are hoping to obtain in the future.
